Integrating nanoscale technologies with cryogenics: a step towards improved biopreservation
At the beginning of the 20th century, successful preservation methods for cells and tissues were developed with new insights into biology and physics. In nature, we have already seen interesting examples of biopreservation. For instance, species such as water-bears (e.g., Tardigrada) and distinct frog types (e.g., Rana sylvatica) can survive in extremely cold temperatures by replacing the water in their bodies with highly concentrated glucose, which serves as an antifreezing agent [1] . These species can keep their metabolism at minimal levels under belowfreezing conditions. Inspired by nature, the holy grail of cryopreservation is to stop or slow down cellular and biological activity by bringing cells down to low temperatures, and later, to be able to restore function at physiological temperatures [2] .
The major interest in biopreservation is driven by advances in medicine and biology, along with emerging clinical needs. Various cell types, including stem cells, embryonic cells, genetically modified cells, cancer cells, hematopoietic cells, germ cells and adult stromal cells are routinely cryopreserved for both research and clinical purposes. The scope of cryopreservation covers preservation of fertility, cell therapies, reproductive medicine, regenerative medicine, stem cell research, blood preservation and handling of organs prior to transplantation. In addition to these applications, long-term preservation of animal and plant cells as well as the genetic material of endangered species are also in the scope of cryopreservation.
Although there has been significant progress in biopreserving various cell types, the existing procedures cause cryo-injury, such as dehydration of cells, loss of cell membrane integrity, alterations in functionality by potential KEYWORDS: cryopreservation n cryoprotectant agent n minimum volume vitrification n nanotechnology disturbance of the cytoskeleton and apoptosis or changes in the extracellular matrix properties of tissues [3, 4] . Improving cryopreservation outcomes by overcoming some of the existing limitations can be achieved by better understanding what really happens at the micro-and nano-scales during the freezing processes. For instance, at temperatures below 4°C, water density decreases as its volume increases, while at sub-zero temperatures, water crystallizes [5] . Extensive crystallization and volume expansion may cause cryo-injury to cells. To address these biopreservation challenges, two methods have been traditionally employed -slow and fast freezing [6] . Both of these methods may lead to cell damage during loading/unloading of the cryoprotectant agents (CPAs), freezing and thawing steps [7] . To address these issues, various types of CPAs have been employed to decrease the freezing point, create an osmotic buffer and increase solute concentration, and thereby minimize cryo-injury. The most commonly used CPAs are dimethylsulfoxide, 1,2-propanediol, glycerol, ethylene glycol, trehalose, proline, mannitol and sucrose [8] . Although CPAs are used as preserving reagents, they can be toxic and have negative effects on cell function.
The slow freezing method is the most commonly used cryopreservation technique in clinics and research laboratories today. Slow freezing first replaces the water within the cytoplasm with CPAs, which minimizes cell damage and adjusts the cooling rate in accordance with the permeability of the cell membrane. Typically, mammalian cells are frozen at a rate of 1°C/min at CPA concentrations as low as 1.5 M [6] . Additionally, in most clinical practices, cell supply is limited or the cell population is rare (e.g., oocytes, autologous stem cells from bone marrow and cord blood stromal cells). Therefore, a significant loss in the viability of cryopreserved cells is not desirable.
"Fully validated, closed, automated and affordable systems are needed for cryopreservation of cells for clinical applications."
Vitrification is an alternative cryopreservation technique that addresses loss in cell viability resulting from ice crystal formation through a rapid phase transition from liquid to a glasslike solid [9, 10] . Achieving successful vitrification requires up to sixfold higher CPA concentrations compared with that of slow freezing and more rapid cooling rates of up to 250,000°C/min [11] . To achieve higher heat transfer rates and to minimize CPA levels, minimum sample volume-based vitrification techniques have been developed [6, 9] . Minimum sample volume approaches are enabled by technological advances that have allowed manipulation of cells in micro-and nano-scale volumes. For instance, microfluidic channels have been used to gradually load and unload cells with CPAs, minimizing osmotic shock [12] . Our capability to encapsulate cells in nanoliter droplets of various types of fluids including cryoprotectants and hydrogels, along with nanomaterials such as magnetic nanoparticles, enables new capabilities to manipulate cells and biofluids [13] [14] [15] . For instance, an ejector-based system has been developed to generate nanoliter droplets continuously and at high flow rates, which can then be vitrified by ultra-rapid cooling upon direct ejection into liquid nitrogen [2] or onto a thin film that is later immersed into liquid nitrogen [8] . This approach has been successfully applied to the cryopreservation of mouse oocytes with functional studies of post-thawed cells for parthenogenetic development [16] . This method allows lower CPA levels for vitrification and reduces the osmotic stress on cells during CPA loading before vitrification and unloading after thawing.
The most common vitrification techniques include straw, open pulled straw, glass or quartz capillary, cryo-loop and electron microscopy grid [6, 9, 11] . One of the challenges of vitrification methods is limited throughput to biopreserve large sample volumes. Up-scaling a vitrification system while maintaining high efficiency has been recently presented with the nanoliter droplet vitrification method using an array of droplet ejectors [8] . This method has also been applied to cryopreserve larger volumes of cells such as red blood cells. For instance, demand for biopreserved blood is critical during natural disasters and military conflicts. While the advantages of vitrification using minimum volume methods have been presented, there are some bottlenecks in the translation of these technologies to successful and widespread clinical applications. Fully validated, closed, automated and affordable systems are needed for cryopreservation of cells for clinical applications.
Future goals in cryopreservation using nanotechnology
The rapid evolution of science has increased public expectations for solutions addressing today's challenging questions. Current technologies enable us to understand nature and mimic underlying mechanisms to solve biomedical challenges. This pursuit has resulted in biomimetic approaches that have brought novel and elegant ideas for targeting solutions. New horizons in cryobiology could be explored by nanotechno logy, which has revolutionized multiple fields of science. Some of these advances in materials science and nanotechnology, such as nanodirectional surfaces that can manipulate droplets carrying biological cargo, can also be adapted to cryopreservation [17, 18] . Freezing and manipulating cells encapsulating nanoliter droplets on super-hydrophobic nanorough surfaces is one of the potential ways of manipulating droplets, as minimal volume technologies offer potential solutions to the current challenges of cryobiology. Nanoengineered superhydrophobic surfaces can be designed, mimicking the architecture of lotus leaves and rose petals [19] . High contact angles between surfaces and nanoliter droplets could enable control over the shape and size of droplets being manipulated for biopreservation. Bio-inspired approaches in cryopreservation could also lead to the development of mechanisms and materials mimicking nature, such as extremophilic microorganisms (i.e., psychrobacter, arthrobacter and hyperthermophile genus). These organisms can resist extreme temperatures because of their peptidoglycanbased cell wall, which varies from 2 to 60 nm in thickness [20, 21] . This cell wall protects the bacteria from external factors, changes in osmotic balance and provides mechanical integrity. Most microbiological studies target the removal of the bacteria cell wall by inhibiting its synthesis or degrading it enzymatically or chemically [22] . The protective features of a peptidogylcan cell wall can be adapted to preserve mammalian cells. Cell envelopes of nanometer thickness can help to enhance traditional CPAs and lead to advances in cryopreservation. Similarly, novel bio-inspired future science group Editorial Guven & Demirci CPAs that are not toxic to cells can be adapted for cryopreservation applications. There are many examples such as ectoine, a widely used skin protecting agent that was first derived from bacteria and is now a promising natural cell protectant [23] . In summary, bio-inspired nanotechnologies promise novel solutions to fulfill needs of cryopreservation in medicine.
